Abstract: Designer particles synthesized by surfactant-free emulsion polymerization were adsorbed successfully on the sapphire discs. The particles carried a thin layer of an atom transfer radical polymerization (ATRP) initiator on the surface and were subsequently successfully used to graft PNIPAAM brushes from the surface. The surface coverage of the discs by these particles could be improved by heat treatment of the discs which fused the particles with each other but keeping the initial ATRP layer on them. The reversible wetting characteristics of the surfaces as a function of temperature could be established by studying the behavior of water droplets placed on the PNIPAAM modified discs. The heat treated discs improved the reversible behavior further, though no superhydrophobic and superhydrophilic behavior could be achieved. The reversible temperature responsively makes these surfaces tremendously important for the commercial separation and filtration processes.
INTRODUCTION
Generation of surfaces with specific functionalities has always been a focus of interest. One such category of tremendous interest is represented by reversible hydrophilic and hydrophobic surfaces. To this regard, poly (Nisopropylacrylamide) (PNIPAAM) has received particular attention, being a water soluble polymer with a lower critical solution temperature (LCST) of about 32°C [1] [2] [3] [4] [5] [6] . Below the LCST, the polymer chains exhibit chain extended conformations and random coil structure. The intermolecular hydrogen bonding with the water molecules due to the chain extended morphology generates the hydrophilic nature of the chains. Above LCST, the chains transform into more collapsed globular form. The intramolecular bonding between the CO and NH groups dominate over the external hydrogen bonding (Fig. 1) . Recently, superhydrophobic and superhydrophilic surfaces were reported when the PNIPAAM chains were grown on extremely rough surfaces [7] . Contact angles with water of 0° and 150° were reported at 25°C and 40°C respectively. However, one drawback of such techniques to achieve functional surfaces is the high cost involved in the surface preparation techniques owing to the use of laser ablation; photolithography based modified surfaces etc [8, 9] . This hinders the use of such useful surfaces for the large scale production. Therefore, synthetic routes which can provide the cost reduction are necessary to be developed in order to achieve commercial application of these reversible hydrophobic and hydrophilic surfaces. Recently, some studies focused on the grafting of PNI-PAAM brushes from the surfaces of the spherical latex particles in order to achieve well defined brush architectures by using atom transfer radical polymerization of NIPAAM [10] [11] [12] [13] [14] [15] . To achieve this, particle surfaces have been functionalized with a thin layer of ATRP initiator beforehand. Thermally reversible brushes could successfully be synthesized. As these particles are inexpensive as compared to the costly laser treatment techniques, it would be an added advantage if these particles can be made to generate the thermally responsive surfaces. This would not only simplify the process, but also would cut down the costs tremendously. Much better control of the surface properties can also be achieved by controlling the properties of the latex particles beforehand. As the hydrophobic and hydrophilic behavior of the surfaces was reported to be enhanced by the roughness of the surface, the polymer particles owing to their rough surface morphology can also be expected to induce similar behavior. This paper aims to present a different approach to develop thermally responsive surfaces. It includes adsorption of functional latex particles on the surfaces and subsequent polymerization of NIPAAM from the surface to generate thermally responsive behavior. Sapphire discs were used as substrates. Response of the PNIPAAM modified surfaces to temperatures was analyzed by the behavior of water droplets placed on them which was captured by a CCD camera.
EXPERIMENTAL a) Materials
Styrene (S, 99.5%) and potassium peroxodisulphate (KPS, >99.0%) were purchased from Fluka (Buchs, Switzerland) and were used as supplied without further purifications. ATRP initiator end capped with an acrylic moiety (2-(2-bromopropionyloxy) ethyl acrylate, BPOEA) was synthe-sized as reported earlier [16] . N-isopropylacrylamide (NI-PAAM, 97%) and other reagents to run the ATRP polymerization, namely 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), copper(I) bromide (CuBr, 99.99%), copper(II) bromide (CuBr 2 , 99.99%) & powder copper (Cu, 99%, 200 mesh) were procured from Aldrich (Buchs, Switzerland). Ultra pure Millipore water was employed in all experiments.
b) Synthesis of Polystyrene Particles and their Surface Functionalization
Polystyrene seed latex was prepared by surfactant free emulsion polymerization of styrene (14 g) added with 0.3 g KPS and 310 g of water.14 Surface functionalization of seed particles were carried out as reported earlier by generating a thin shell of acrylic end capped ATRP initiator (BPOEA) around them [14] . For this, 15 g of latex was heated to 70°C at 400 rpm and purged with alternate vacuum/nitrogen cycles. BPOEA (0.21 g) was added to the latex followed by KPS solution (0.0025 g of KPS in 0.5 ml of water) after 15 minutes. The reaction was allowed to run for 5 h. Finally, the functionalized latexes were washed by repeated ultracentrifugation and resuspension in millipore water cycles.
c) Adsorption of Latex Particles on the Sapphire Disks
Carbon coated sapphire discs, freshly etched by charged oxygen plasma (10 sec, 100 mV, 5 mbar of O 2 ) in Balzers GEA-003-S glow-discharge apparatus (Balzers), were placed on the droplet of particle latex for 2 min and dried on filter paper. In another approach to adsorb the particles, sapphire discs were treated with positive plasma to generate positive charges on the surface. The discs were similarly placed on the droplet of particle latex for 2 min and dried on filter paper. Adsorption studies were carried out as a function of temperature also. For this, the discs after particle adsorption were placed on the heating plates equilibrated at set temperatures for 60 seconds. Grids were prepared at room temperature, 100°C and 150°C.
d) Electron Microscopy
The surface morphology of the adsorbed particles on the sapphire disks was observed in Hitachi field emission in-lens S-900 high resolution scanning electron microscope at accelerating voltages of 10-20 kV. The discs after adsorption and thermal treatment were sputter coating with 3 nm thick platinum layers and analyzed.
e) Atom Transfer Radical Polymerization on the Sapphire Disks
Growth of PNIPAAM chains from the discs adsorbed with functionalized latex particles was achieved by placing the monoliths in an aqueous solution of NIPAAM, HMTETA, CuBr, CuBr 2 and Cu powder followed by degassing and purging with nitrogen. The disks were kept immersed in the monomer solution overnight and were subsequently placed in Millipore water 5-7 times to wash off any unreacted monomer.
f) Study of the Behavior of Water Droplets on PNIPAAM Modified Sapphire Discs with Temperature
The behavior of the water droplets on the sapphire discs functionalized with PNIPAAM chains at room temperature and at 40°C. Images of the droplets were recorded using a Sony CCD camera (DFW-V 500, Japan) at a rate of 40 frames per second. The disks were placed on the surfaces set at required temperature for 5 min to equilibrate the disk surface and the water droplet ( 5 μL) was placed subsequently on it. The droplets behavior was through the camera and the stills at time t = 5 sec are reported as a result. Each droplet was observed on the disk for two minute in order to analyze the effect on time on the droplet morphology.
RESULTS AND DISCUSSION
Thermally responsive surfaces have tremendous application potential owing to their controllable reversible functionality. Owing to the reversible wetting characteristics induced by change of temperature, these surfaces can be very useful for adsorption and desorption of viruses and proteins etc. in filters and chromatographic separation media. This also results in an extremely simplified process as compared to conventional separation processes. But generation of such surfaces itself can cause a high expenditure costs owing to cost of various surface preparation techniques. One alternative approach is to use the functional latex particles and subsequent grafting from these particles to achieve this goal. Preliminary trials explaining the particles adsorption and subsequent surface functionalization to achieve thermally responsive surfaces are described as follows. Fig. (2a) shows the morphology of the particles functionalized with a thin layer of ATRP initiator (BPOEA) on the surface. As can be seen that the particles have very specific 'orange peel' morphology [14] . It was reported to be the result of colloidal instability and incompatibility of the BPOEA chains with the polystyrene particles' surface leading to random collapse of these chains on the particles' surface. Sapphire disks were used for the adsorption trials because of the ease of their surface modification to generate positive or negative charges on the surface of the disks. Any other surface with such properties would also be an equally suitable candidate for adsorption. When the particles were adsorbed on the discs, a very uneven and incomplete coverage of these discs were observed as shown in Fig. (2b) . As the particles are slightly negatively charged owing to the presence of sulphate end groups from the initiator, therefore, it was suspected that these charges are responsible for repulsion forces within the particles and the carbon coated disk surface etched with plasma. Longer adsorption times of the particles on the discs also did not improve the surface coverage of the discs. In order to confirm the interactions of the particles with the disc surface, the particles were adsorbed on a disc which has been treated with positive plasma. As the particles are slightly negatively charged, therefore the positive charges on the disc surface should help to enhance the surface adsorption of the latex particles. The disc surface after particle adsorption is shown in Fig. (2c) .
It is evident from the SEM micrograph that the adsorption of particles was greatly enhanced and the surface was almost perfectly modified. Although thin gaps could still be seen in between, but the spatial hindrance may have led to this effect. The discs were even dipped in the latex solutions for a long time to analyze the effect of loner adsorption times on the distribution. Very similar morphology was obtained as shown in Fig. (2c) indicating that the particles adsorption is very fast and the particles do not move or rearrange even if longer adsorption times are used. Thus, it confirms the successful functionalization of the disc surface with designer particles having rough and modified surfaces for further modification.
As the dead space observed in between the particle bunches is non-responsive to any further modification carried out on the surface, therefore a simple thermal treatment was provided to the discs in order to analyze the effect on surface coverage as well as subsequent properties. The disc prepared at room temperature as reported above is shown as Fig. (3a) for comparison with the discs after heat treatment. Fig. (3b, c) show the SEM micrographs of the discs after the heat treatment of 100°C and 150°C respectively. One thing during the heat treatment should be noted that the heat treatment is meant to form a homogenous coverage of surface but the surface layer of the particles should not be affected. The disc with 100°C treatment indicates a better coverage as the particles have been fused with each other thus filling the gaps initially present around them. As the particles have not fused totally with each other, therefore the surface layer of ATRP initiator is expected to be more intact and not been embedded inside the melt. However, a clear flowing of melt is visible in the disc subjected to a treatment of 150°C. The high magnification image of Fig. (3c) indicates that the particles have totally lost their structure and were totally melted and mixed with each other thus deterioration of the surface ATRP initiator layer is more likely in this case.
Atom radical transfer polymerization was used to grow the PNIPAAM brushes from the surface of the particles. Particles adsorbed on the discs at room temperature as well as at 100°C were used for the grafting process to analyze the effect of the heat treatment on the final surface properties. One should be careful that it is important to wash the surface thoroughly after the PNIPAAM grafting as large amount of polymer may be formed in solution and chains of this polymer can be physically adsorbed on the disk surface and can be removed during operation thus lowering the performance of the material. The behavior of water droplets placed on the PNIPAAM modified discs at room temperature and at 40°C is shown in the images shown in Figs. (4, 5) . Fig. (4) indicates the behavior of the disk where the particles adsorption was achieved at room temperature. At room temperature, the droplet placed on the disc spreads quickly indicating the hydrophilic surface. On the other had, when the disc was equilibrated to 40°C, the droplet placed on the surface did not spread out at all indicating the surface has achieved the hydrophobic character. This clearly indicates that reversible wetting characteristics on the surface could be generated. Also no change in the behavior of the droplets placed on the discs was observed for 2 minutes indicating that the behavior at particular temperature is permanent. Fig. (5) pictures the images of the water droplets on the disc which was subjected to a heat treatment at 100°C after particle adsorption. Close comparison indicates that a slight improvement in reversible hydrophobic and hydrophilic behavior was achieved in this case. The drop spreads out at room temperature, whereas at 40°C, drop shrunk slightly as soon as it was placed on the disk. No change was further noticed as the drops were monitored for two minutes. The reversible behavior of the surfaces also indicates that the ATRP initiator layer was retained during the heat treatment. Thus reversible hydrophobic and hydrophilic surface could be achieved with relatively simpler overall process. Another important point to note here is that as the discs were washed very thoroughly after PNI-PAAM grafting, therefore, the reversible properties of the surface also confirm that the particles are stably adsorbed on the surface and do not get washed away during the processing. Though the concept of generation of reversible wetting characteristics of the surface could be successfully confirmed, but the behavior of the resulting surfaces is clearly not superhydrophobic and superhydrophilic. The contact angles of the water droplets with the surfaces have also not been measured owing to similar reasons and the proof of concept has been shown only qualitatively. Further efforts are underway to achieve superhydrophobic and superhydrophilic character on the surfaces by this approach of adsorbing functionalized polymer particles, which include improvement of the surface wetting characteristics by using crosslinked particles so as to resist the heat treatment effectively thus improving the adsorption efficiency of the discs.
(a) (b) Fig. (4) . Images of the water droplets on the PNIPAAM modified sapphire disk of Fig. (3a) at (a) 10°C and (b) 40°C.
CONCLUSIONS
Temperature reversible surfaces could be generated successfully using a simple technique of adsorption of designer particles on the surface. The grafting of PNIPAAM brushes from the surface of these particles could subsequently be achieved. The surfaces were hydrophilic at room temperature, but turned hydrophobic as the temperature was raised to 40°C. The heat treatment of the discs after particle adsorption improves the surface coverage with the particles and also the resulting reversible wetting behavior controlled by temperature. The surfaces are stable to rigorous washing steps and represent strong potential for use in a number of applications. 
